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This thesis contains two separate papers having the common 
aim of providing methods for assessing the steady state 
performance characteristics of underwater towed systems 
utilising bare and faired cables.
The first paper was published in February 1983 by Pergamon 
Press, (Ocean Engineering Vol. 10, No. 1).
COMPARATIVE STEADY STATE 
DEEP TOWING PERFORMANCE 
OF
BARE AND FAIRED 
CABLE SYSTEMS
SUMMARY
The measured drag characteristics of a variety of cable fairings are 
reviewed and compared with those of bare cables. The effect of cable 
inclination angle has been studied and an empirical rule developed 
for dealing with faired cables, the hydrodynamic properties of which 
are shown to depend significantly on the section shape of the fairing.
Non-dimensional cable functions are tabulated for both bare and faired 
cable profiles and applied to show how the addition of fairings can 
improve the towing performance of a given system.
Simple formulae are developed for calculating faired cable system 
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2.1 Normal-flow drag of bare cables
2.2 Normal-flow drag of faired cables
2.3 The effect on drag of cable inclination
3. NON-DIMENSIONAL CABLE FUNCTIONS
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4.3 Tension ratio
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TABLE 1 Fairing section drag data
Figure 1 Fairing sections and drag coefficients.
Figure 2 Velocity distribution over aeronautical and wrap-round
fairing sections
Figure 3 The variation of drag coefficient with Reynolds Number
Figure 4 Hydrodynamic effects of cable inclination angle
Figure 5 Magnitude and direction of water force on inclined fairing
Figure 6 Hydrodynamic force per unit length. Models used for bare and
faired cable calculations
Figure 7 Non-dimensionalising of cable profiles
Figure 8 Variation of depression angle with w/r and fish weight/cable
weight for bare and faired cables
Figure 9 Variation of cable top. angle with fish weight/cable weight 
and w/ro
Figure 10 Cable top tension ratio of bare and faired cables
Figure 11 Examples of towing performance
Figure 12 Effect of fish drag on cable profile at constant scope and
w A o -
TABLE 2 Non-dimensional characteristics of bare and faired cables
NOTATION
A a constant in equation (16)
Ap maximum cross sectional area of fish body
c length of chord of aerofoil or streamlined section
C chord length of cable profile (fig. 7)
d diameter of cable
D drag force acting on fish = C^.^spv^.A^
g gap between cable and rear unit of clip-on fairing
r drag force per unit length of faired or unfaired cable
r drag force per unit length of faired or unfaired cable when
set at 90 deg to the flow direction
r^, r^ components of r tangential and normal to a cable element
r^, r^ pressure drag and friction drag of inclined fairing element
s non-dimensional arc length of cable. s = S/(W/w)
S arc length (scope) measured along the cable
t maximum thickness of fairing or fairing section
t cable tension ratio t = T/T o
T cable tension
T^ cable tension at lower end where ̂  = 90 deg
V towing speed
local velocity over fairing section
w weight in water per metre of faired or unfaired cable
W weight in water of fish
X chordwise distance from leading edge of fairing section (fig. 2)
X non-dimensional trail of fish, x = X/(W/w)
X trail of fish (behind ship)
y non-dimensional depth of fish, y = Y/(W/w)
Y depth of fish
y depression angle (fig. 7)
(j> local inclination angle of cable to the horizontal
critical angle of cable 
p density of sea water (taken as 1030 kg/m^ for calculations)
drag coefficient of fish 
Cr^ section drag coefficient = r^/(*spv^t) or r^/(Fîpv̂ d)
1. INTRODUCTION
The use of fairings to reduce cable drag and eliminate strumming is 
common. Such fairings can vary from crude devices ('hairy' fairings) 
for suppressing wake vortices to sophisticated wrap-round units that 
transform the circular cable section into a streamlined profile.
Their favourable effect is primarily due to the resulting reduction 
of the drag coefficient, from values of order 1.5 to 0.25 or less.
In addition, however, they change the hydrodynamic characteristics of 
the cable so that different rules are required for calculating the 
cable loading and the cable-fish configuration.
The steady state hydrodynamic properties of bare cables are well known 
and well validated (refs. 1, 2, 3) and the calculation of towing depth 
and cable configuration presents few problems other than the 
uncertainties that arise from strumming.
The hydrodynamic properties of faired cables are less well understood, 
and current literature, eg. refs. 4 and 5 indicate much uncertainty 
about the effects of cable inclination upon the loading functions. In 
addition their basic drag coefficients cannot be easily be 
estimated because fairing section profiles differ so much from aerofoil 
shapes. Wrap-round fairing sections have bluff nose profiles that 
provoke boundary layer separation (ref. 8) and clip-on fairings have 
gaps between cable and fairing. These both cause adverse effects which 
are not amenable to theoretical treatment.
This paper is an attempt to reduce some of these hydrodynamic uncertainties 
and provide the designers of towed underwater systems with methods for 
assessing towing performance with or without cable fairings for cases 
where depressors are not employed. Experimental evidence has been 
collected from several sources to show how fairing drag coefficients 
may vary, and an empirical law has been developed to account for faired 
cable inclination angle effects, based upon consideration of the 
expected physical flow conditions over inclined streamlined profiles.
Tables of non-dimensional cable functions are presented for both bare 
and faired cables, and used to compare the relationships between 
depth, speed, scope and tension, over a range of fish to cable weight 
ratios.
Additional analysis provides, in the case of faired cables, a rapid 
method for calculating cable shape properties; and, for both bare and 
faired cables, a method to allow for the effect of the fish drag force
2. HYDRODYNAMIC PROPERTIES OF BARE AND FAIRED CABLES
Many examples of cable loading functions suitable for bare and faired 
cables have been published (see Refs. 1, 2, 4, 5). These have been 
examined and compared with data derived from e:q>erimental sources in 
order to see how well they match the expected physical flow properties 
appropriate to either circular or streamlined profiles. The broad 
hydrodynamic distinction is that friction forces are insignificant in the 
former case but predominant in the latter.
There are two requirements; to estimate the drag coefficient of the 
profile when set normal to the flow direction and to quantify the 
effect of cable inclination on the magnitude and direction of the 
resulting drag force. These two aspects are treated separately.
2.1 Normal-flow drag of bare cables 
The drag force per metre is given by
r = Cy .Fîpv^d (1)
where is the section drag coefficient for flow at 90 deg to the
cable axis, and d the cable diameter.
Smooth circular cylinders have =1.2 for Reynolds Numbers between 
10^ and the critical value 3 x 10^ (ref. 3), the latter corresponding 
to a 10 mm diameter cable being towed at 27 kt. In practice however, 
due to strumming, values between 1.4 and 1.7 are more realistic (ref.6) 
It is not yet possible to predict them more precisely.
2.2 Normal-flow drag of faired cables
Fig. 1 illustrates a selection of section shapes used as fairings and 
Table 1 provides measured values of their drag coefficients The
latter are based upon the thickness so that the drag force per unit length 
is given by
r = Cr-*5pv^t (2)
where t is the section maximum thickness.
The sections are divided into 3 classes; aeronautical, wrap-round and 
clip-on, and have been drawn with the same chord length to facilitate
conparison. The aeronautical sections are characterised by having their 
maximum thickness located at or aft of 30 percent chord. As a conse­
quence their drag coefficients are very low because the chordwise 
distribution of local surface velocity is relatively flat so that the 
boundary layer never separates. Such sections are not easily adapted 
to enclose a circular cable located near the leading edge, 
and their use as wrap-round fairings is thus limited. Ref. 7
illustrates their use as an integrated fairing system employing a non­
circular strength member.
The wrap-round sections have in common very much bluffer nose profiles. 
These create peaky velocity distributions which cause the boundary layer 
to separate over the maximum ordinate region, leading to much increased 
boundary layer and wake thicknesses and hence larger drag coefficients.
Ref. 8 provides evidence of this. Chordwise velocity distributions 
over an aeronautical and wrap-round section are compared in fig. 2, 
the data being derived from Refs. 7 and 8 respectively. The increase
in drag coefficient is significant, being in most cases 3 to 4 times that
of the NACA sections. Some of the increase is due to the base drag 
created when the trailing edge is thick, fairing AN/SQS-504 being an 
extreme example.
These drag coefficients may still be unrepresentative of the values to 
be expected in the sea-going state when small gaps will exist between 
adjacent fairing elements. Flexnose B illustrates this effect (ref. 9) .
Clip-on fairings are seen to have even greater drag coefficients, due to 
the gap between cable and fairing, unless care is taken to match the 
fairing frontal thickness to the cable diameter. When this is done their 
CrQ values may approach those of the better wrap-round sections but the 
addition of the clips required to secure the fairings can add a significant 
drag increment. The example given, of Bath cusped B, is pessimistic 
because in this case the clips were numerous and bulky.
2.2.1 The estimation of Cj-
Estimating the drag coefficient of streamlined sections is difficult 
because so many factors influence it. The main source of drag is skin 
friction but an additional 30% (very roughly) is form drag, being the 
contribution of the pressure forces acting over the profile. The two 
components are related because the development of the boundary layer 
governing the friction depends upon the pressure distribution.
The magnitude of is influenced by
a) the profile shape, in particular the thickness/chord ratio and the 
chordwise position of the maximum thickness.
b) the Reynolds Number, based on the chord length.
c) the proportion of the chord'over which a laminar boundary layer is 
maintained, which depends upon (a) and (b) and the degree of rough­
ness of the profile.
Existing prediction methods such as refs. 3 and 10 only relate to aero­
nautical type sections which usually have their maximum thickness located at 
or aft of 30% chord. No satisfactory methods are available for the 
bluff nosed sections common to cable fairings. The data provided in 
fig. 1 and Table 1 will hopefully provide some guidelines.
2.2.2 The variation of Cr^ with Reynolds Number
Collected data in ref. 3 on streamlined strut and aerofoil sections 
having t/c ratios of order 20 to 25% indicate that will decrease 
until the Reynolds number exceeds 10^ and remain fairly constant for 
values beyond. Some sample variations fig.(3 ) show this trend to be 
borne out in practice, although the bluffer sections exhibit changes 
which are less consistent and which emphasise the need for experimental 
drag determination at the correct Reynolds Numbers.
2.3 The effect of cable inclination on drag
2.3.1 Bare cables
The hydrodynamic force, being almost solely due to pressure forces, must 
act at right angles to the cable length and will be proportional to the 
component of the dynamic pressure in that direction. Thus if r is the drag 
per unit length at an inclination angle çi the relationship shown in 
fig. 4(a) will hold. As ^ tends to zero and the pressure force 
disappears one may expect a small friction force due to the tangential 
flow. In practice (ref. 3) this only amounts to 2 or 3 per cent of r^ 
and is often ignored (refs. 2 and 6).
The added effect of strumming when the cable is inclined is still a 
matter for further research.
2.3.2 Faired cables
The situation with faired cables is quite different because the major 
part of the drag force is skin friction. If the faired section had 
zero thickness the drag force would be solely friction and would act 
along the flow direction at all angles of inclination. The drag per 
unit length would, to a first order, remain constant because the wetted 
area would not change. The presence of thickness, however, makes 
fundamental changes. The fairing sections illustrated have thickness/ 
chord ratios of order 20 percent which create a pressure drag about 
30 percent of the total drag when the section is set normal to a flow 
(tef. 11). However, when such a section is inclined to the flow the 
drag-producing mechanism becomes complicated.
Fig. 4(b) illustrates features of the prevailing flow over a section 
with moderate inclination. The apparently slight curvature of the stream­
lines just outside the boundary layer (ref. 12), caused by the isobars 
being parallel to the leading edge,induces a marked spanwise component 
in the boundary layer very close to the surface, as evinced by the surface 
oil streak (ref. 13) . This causes the friction force on average to lie in 
the general direction indicated by the vector r^ in fig. 4(c). The 
smaller pressure force, r^, must act at right angles to the leading edge. 
The resulting drag force r will be the vector sum of the two components
acting at some angle 0 to the flow direction. Since the friction and 
pressure forces are interdependent it is not easy to predict how the 
vector r will vary with inclination angle
A theoretical calculation of the drag variation with is only possible 
in the case of low drag aeronautical sections where boundary layer 
separation does not occur (see ref. 7) . For most wrap-round sections 
there is no theoretical guide.
Fig. 5 shows how 9 and r/r^ vary with <i>, both in theory and practice 
for the low drag NACA and AEW sections, and in practice for the Flexnose 
A and AN/SQS-504 wrap-round sections, the latter having very high drag 
(fig. 1, Table 1). The data is very scattered but an overall trend is 
discernible which may be represented by a simple rule. The resultant 
drag force direction is seen to lie within ±10 deg of the flow direction, 
and the magnitude of the drag force expressed as r/r^ is seen to vary 
approximately as sin The two theoretical curves support these 
findings.
There remains uncertainty about the value of r/r^ when falls below 30 
deg. Ref. 19 provides measurements at ^ = O deg for some wrap-round 
sections, but the scatter when other results are considered suggest 
values between 0.2 and 0.3. It is proposed that the broken line for 
O < 0 < 30 deg in fig. 5 would be applicable to many wrap-round sections.
2.3.5 Summary of cable drag characteristics
Where bare cables are concerned the effects of cable inclination are 
well known and well validated, but the value of will lie between
1.2 and 1.7, depending upon strumming behaviour which is difficult to 
predict.
With faired cables it is not possible to estimate with certainty the value
of Cr unless the maximum thickness of the section is at or aft of 30% o
chord, when refs. 3 and 10 are applicable. Otherwise it is necessary
to measure Cr . The effect of cable inclination should also be o
determined experimentally, but as a working rule, for prediction 
purposes only, the drag force may be assumed to act horizontally and
to shrink in proportion to sin 0 for 30 deg < # < 90 deg, and to
reduce further to about 30 percent at 0 = O deg. The value 0.273 of 
r/r^ at 0 = O for the faired cable has been chosen to permit a smooth blend 
into the sine curve at 0 = 30 deg. Its precise value is not very 
significant.
When these ideas are used to determine the components of the drag 
force normal and tangential to the cable, the functions shown in 
fig. 6 emerge.
It may be remarked that the normal component ratio r^/r^ is unchanged 
by a switch from the bare to the faired model. The corollary of this
is that the use of fairings adds a tangential force to the cable that
would otherwise be absent.
3. NON-DIMENSIONAL CABLE FUNCTIONS
It is usual (refs. 1, 2 et al) to present cable configurations in 
non-dimensional form, giving, at successive values of w/r^,the tension 
ratio and cable angle as functions of co-ordinates expressed as 
proportions of a characteristic length T^/r^, where is the tension 
at the origin and r^ the normal drag force per unit length of the cable. 
This has the disadvantage that both w/r^ and T^/r^ vary with towing 
speed. When the characteristic length is made T^/w, which is independent 
of speed, the cable properties can be presented so that the effects of 
changing speed may be judged separately from the effects of changing 
fish weight or scope.
The following analysis develops this approach.
Writing the normal and tangential components of the local cable drag 
force as
r = r .f (0) (3)n o n
r = r . f (0) (4)t o t
where f^(0) r f^^0) are given in fig. 6 for both bare and faired hydro- 
dynamic models, the standard cable equations become
Td0 = (WCOS0 - r .f (0))dS (5)o n
dT = (wsin0 + r^.f^(0))dS (6)
where T is the local tension and S the arc length along the cable 
measured from the origin where the cable inclination is 90 deg, (see 
fig. 7(a)). Dividing through by T^/w, the characteristic length, 
gives
^  d,i = (cosd - ^  (7)
o o o
10
f = (sin̂  + 5 ^  (8)
O o o
Writing the tension ratio T/T^ as t, and S/(T^/w) as s gives
f„(üS)
td0 = (cos0 - —  ) ds (9)
o
f. (0)
dt = (sin0 + — — ) ds (10)
o
where s is the non-dimensional arc length up the cable.
Because the fish drag is ignored = W at the origin, where 0 = 90 deg, 
and t = 1.
S cable weight 
Thus s fish weight  ̂ ^
Equations (9) and (10) need only to be integrated once, at each w/r^, 
to provide cable profiles expressed as in fig. 7(b) and applicable to 
an extensive range of fish to cable weight ratios. The integration was 
carried out using 1500 steps with a second approximation applied to each 
step. The steps near the origin were smaller to allow for the increased 
curvature.
The results of the numerical integration are given in Table 2 for both 
bare and faired cable models. At successive values of w/r^ the table 
gives, against increasing values of the argument s, values of x, y the 
non-dimensional depth and trail’, gamma the depression angle, phi the 
cable inclination to the horizontal, and t the tension ratio. The last 
column C/S is the ratio of chord length to scope at each point.
Values of the critical angle psi have also been computed. Putting 
d0 = O in equation (9) yields psi as the solution of
cos^ = f^(i|i)/(w/r^)
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4. STEADY STATE BARE AND FAIRED CABLE CONFIGURATIONS
4.1 Depth and trail
Because the chord length C is so nearly equal to the scope S the depth 
and trail are closely given by ssinY and gcosy respectively, Y being 
the depression angle. The latter is therefore a good measure of the 
achieved towing depth.
Fig. 8 illustrates by a carpet plot the variation of Y with w/r^ and 
W/wS the ratio of fish weight to cable weight, for both bare and faired 
cable models. Lines of constant W/wS showing the effect of changing 
towing speed and the lines of constant w/r^ show the effect of changing 
scope for a given fish weight W. Increasing scope inplies movement 
from right to left on these lines, giving the expected reduction of 
depression angle.
The values of y at W/wS = O represent the unloaded cable in its critical 
condition. It will be noticed that where Y > 30 deg this value is the 
same for bare and faired because r^/r^ is also unchanged (fig. 6).
An interesting feature revealed by fig. 8 is the fact that for w/r^
>0.5 the depression angle is the same whichever drag law, bare or 
faired, is used. This reflects the fact that, as the cable profile 
becomes straighter, differences in the tangential drag force components 
have less effect on the shape of the profile, (although corresponding top 
tensions may differ considerably).
It will be seen that the variation of y with W/wS, in most cells of the 
mesh, is straight enough to permit linear interpolation with little 
error, and Table 2 provides values of the argument at 
closer intervals than shown in fig. 8 in those areas where the lines 
are more curved. It will be found that the cable functions are best 
plotted against 1/s if interpolation is required. It is easiest to 
work at the given values of w/r^ even though the resulting towing 
speeds may not be integral.
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Fig. 8 is a useful aid for the preliminary design phase of a deep 
towed fish because it allows one to make a rapid assessment of the 
independent effects of tow speed, fish weight and cable weight upon 
the achieved depth.
The relatively small change of depression angle due to the drag of 
the fish is evaluated in Section 7.
4.2 Cable top angle
Fig. 9 illustrates the cable inclination at the top (ship) end and 
its variation with fish weight/cable weight for values of w/r^ up to 
0.6. At greater values the top angle is seen to depend little
upon the hydrodynamic model used. This graph will show whether or not
the cable inclination of a given system will fall below 30 deg., the 
threshold of the faired cable "sine law" (fig. 5).
The 0 values at W/wS = O are, of course, the critical angles.
4.3 Tension ratio
Referring to equation (10), and noting that for the bare cable 
f^(0) = O, it is seen that
= sin«i ^  (12)
Thus, since t = 1 at y = O,
t = 1 + y (14)
which is confirmed by Table 2.
For bare cables one can therefore derive the tension ratio . .
at any point by adding 1 to the non-dimensional depth.
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For the faired cable, in contrast, the significant tangential 
component of the hydrodynamic force gives greater increases of 
tension up the cable (and provides the 'stacking' loads that can be 
a contributory factor to causing tow-off (ref. 8)). This is shown 
by fig. 10 which compares the variation of faired cable tension ratio 
at selected values of w/r^ with the unique line applicable to bare 
cables.
It will be seen from the examples to follow that the additional tension 
produced by adding a fairing is offset by the associated increase in 
w/r^, and by the reduced scope required to achieve a given depth.
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5. COMPARATIVE TOWING PERFORMANCE
Four examples of towed fish configurations are given in f ig. 11 to 
illustrate the main performance differences between bare and faired 
cables. They relate to a fish assumed to weigh 1025 N in water, 
towed by a 16 mm diameter cable weighing 4.1 N/m and having a normal- 
flow drag coefficient of 1.5. When fitted with a neutrally buoyant 
wrap-round fairing, of drag coefficient 0.20, the frontal thickness 
is increased to 20 mm.
These values have been chosen to provide convenient values of w/r^ 
to facilitate the application of Table 2. The value of W/w is 250, 
which becomes the factor required to convert the non-dimensional 
lengths s, x, y into real values S, X, Y.
Examples A and C show the effect of adding the fairing to 100 m 
scope towed at 5 kt. It is seen that the depth is more than doubled 
but at the expense of a 57 percent increase in top tension. Table 2 
shows that even if the fish weight were increased eightfold (giving 
s = 0.05 instead of 0.4) the greater depth would not be achieved with 
the bare cable.
Example B represents the same scope, unfaired and towed at only 2 kt, 
to demonstrate how slight is the difference due to the two hydro- 
dynamic drag laws at this value of w/r^.
Finally, case D shows that without the fairing a scope of 315 m is 
necessary to achieve, at 5 kt, the depth attained by 100 m scope of 
faired cable, with the same fish weight.
These examples illustrate the benefits to be gained from the use of a 
fairing, e.g. greater tow speeds at the same depth or greater depth 
at the same fish weight, in addition to the suppression of strumming. 
Even a crude fairing such as the 'neoprene' example (fig. 1) will give 
a significant improvement, due to its reducing the cable drag 
coefficient by about 70 percent.
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However, these gains have to be weighed against some of the dis­
advantages, particularly the additional complexity of the handling 
requirements needed to reef and stow the faired cable.
The dynamic response of the fish to ship heaving motion will also 
be increased. Ref. 14 shows that, to a first order, the ratio of 
fish perturbation amplitude to ship heave amplitude varies as the 
sine of the cable top angle. In the two examples A and D the cable 
top angles are SO deg and 13 deg respectively, their sines being in 
the ratio 3.4 to 1. This could be significant if very steady fish 
motion is required.
A further point for consideration is the possible occurrence of tow- 
off (kiting), due to imperfect fairing behaviour (refs. 8, 9, 15).
5.1 The use of partial fairing
Fairing only the lower part of the submerged cable can offer improved 
towing performance without incurring handling difficulties on deck, 
although strumming may not be completely eliminated.
When a given length of bare cable is fully faired the gain in fish 
depth is considerable. There is a favourable exchange between the 
percentage of this gain which is achieved and the percentage of the 
cable which is faired (from the fish upwards). The exchange rate 
varies according to the values of bare-cable w/r^, s, and the ratio 
of the two drag coefficients. On average one achieves about 50 percent 
of the fully-faired depth gain when one third of the scope is faired 
and 75 percent when half the cable is faired.
These results are based upon calculations using the two hydrodynamic 
models with the assumption that the addition of the fairing quarters 
the cable drag coefficient.
16
6. ANALYTICAL EXPRESSIONS FOR FAIRED CABLE PROPERTIES
The empirical hydrodynamic drag law proposed for faired cables allows 
one to represent the cable-fish configuration by a simple model that 
provides effective formulae for determining depression angle, cable 
inclination and tension ratio. As well as giving quick answers for 
assessing faired cable systems they provide a useful check on results 
obtained by numerical integration. Furthermore they allow one to 
calculate the effect of fish drag, which has so far been ignored.
The assumption (fig. 5) that 0 = 0  and r = r^sin# implies that the 
drag force on any element of cable acts horizontally with a magnitude 
proportional to the length of its projection on the vertical. Thus 
at depth Y the total cable drag is r^Y acting horizontally at the half­
depth point. If the cable weight wS is assumed also to act through the 
Scune point and the latter is located midway along the chord line 
(f ig. 1^) the addition of the fish weight W completes a ' straight-cable ' 
mechanical model to replace the"curved system.
The following quantities can then be determined.
6.1 Depression angle
Taking moments about the top point yields the equilibrium value of y in 
the form
WCcosy + *2wSCcosy = ^sr^C^sin^y (15)
where C is the chord length.
The scope S may, with little error, be substituted for C because they 
never differ by more than 4 percent (Table 2). Since by definition (fig. 7b)
wS/W = s
equation (15) becomes, in non-dimensional form
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sin^Y = (w/r^)(l.+ 2/s)cosY (16)
giving cosY = %{(A^ + 4)^ - a } (17)
where A = (w/r^)(1 + 2/s) (18)
Equation (17) yields y values within 5 percent of the computed values 
in Table 2 when w/r^ > 0,10, and within 10 percent when w/r^ = 0.05.
6.2 Inclination angle
In order to achieve equilibrium the cable-top inclination angle 
will be given by
tan^ . (1 +.s)w/ro (19) -
s.sinY
When Y is derived from equation (17) this formula gives ^ within 
1 deg. of Table 2 values for w/r^ > 0.10, and within 2h deg. at 
w/r^ > 0.05.
6.3 Tension ratio
It may also be shown from the balance of vertical forces that
t = (1 + s)/sin^ (20)
This equation, with ^ derived from equation (19), gives t within 5 
percent of Table 2 values for w/r^ > 0.10. At w/r^ = 0.05 the error is 
unacceptable unless s < 1.0.
When w/r^ < 0.05 none of the equations (17), (19) and (20) can be 
successfully utilised because the cable profile is too curved for this 
simple model to be applicable. Such a low value, however, is unlikely 
in faired cable operations.
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7. THE EFFECT OF FISH DRAG
The magnitude of the drag force acting on a typical towed fish, 
operating without depressors, is usually such a small proportion of 
the fish weight that its effect upon the cable profile may be ignored, 
particularly in preliminary design work. At high towing speeds, 
however, or with large fishes it is desirable to determine the drag 
effect.
The fish drag force is given by
D = C^^pv^Ap (21)
where is the fish drag coefficient based upon its maximum cross- 
sectional area A^.
A streamlined fish with stabilising fins will have of the order of 
0.15. The addition of an unfaired tow-staff can double this value 
(ref. 9). An upper limit may be taken as 0.47 (ref. 3) corresponding 
to a sphere at its critical Reynolds Number which would occur at 
approximately 2 knots with a diameter of h metre.
If the depth and trail of a given fish are determined with its drag 
ignored the addition of the (small) drag force, at the same speed, will 
move the fish along an almost circular path whose centre is the cable 
top; i.e. the chord length is practically unaltered and the depression 
angle is reduced slightly. This has been demonstrated in ref. 18. The 
cable inclination angle at the bottom also changes, from 90 deg. to arc- 
tan (W/D), as illustrated in fig. 12(a), where the change of depression 
angle has been grossly exaggerated.
Table 2 may be used to reveal the cable profile when drag is present. 
Fig. 12(b) illustrates the non-dimensional curve corresponding to 
fig. 12(a), the points O, a, b and c showing how the real and the 
non-dimensional co-ordinates are related for the cases with and without 
fish drag.
Writing x, y, s as the non-dimensional values of X, Y, S and using 
suffixes a, b, c to denote their values at the points a, b, c the 
depression angle appropriate to be may be determined as follows.
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In fig. 12(b) the point b is defined by ^ = arctan (W/D). Thus
y^, Sĵ  and t^ may be interpolated from Table 2.
The tension, To, at the origin is equal to W for Oa and /t^
be. Noting that D/W = cot^^ the 
are respectively W/w and W/(wt^sind^)
for d characteristic lengths, T^/w,
The non-dimensional point a is therefore given by s^ = S/(W/w), from 
which x^, y^ may be found. The point c may be derived from the 
equality of the real scopes, giving the equations
® f  = <=c - ®b> • vrt:"slnAb b
so that
Sc = Sb + ®a- V̂ "**b (23)
from which x^, y^ may be obtained using Table 2.
Thus, using x^, y^, the depression angle of the fish with drag is 
calculated from
tany = (y^ - (24)
This process is laborious but the 'straight-cable' model provides a 
quicker alternative method for correcting the depression angle to allow 
for fish drag provided the change is small, i.e. < 10 deg.
If, as for the derivation of equation (15), moments about the top
point are taken but with the fish drag force D included, the final form 
of the equation becomes
sin^Y = w/r^(l + 2/s)cosy - 2 (w/r^)(sinY/s)(D/W) (25)
when from comparison with equation (16) it may be shown that if 6y is 
the change of depression angle caused by the addition of D
-(2/s)(w/r^)(D/W) -(2/s)(w/r^)(D/W)
2cosy + w/r^(l + 2/s) 2cosy + A
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This equation shows that, to a first order, the change in depression 
angle is proportional to the fish drag/weight. Most valuable is the 
fact that, because tangential forces do not enter into its derivation 
the equation can also be applied to bare cable systems, as the 
following examples show.
7.1 Examples of fish drag effects
The numerical results in fig. 11 were calculated assuming zero fish 
drag. It is instructive to determine the depression angle change that 
would be caused by an assumed fish drag.
When expressed in terms of the towed system constants the fish drag 
to weight ratio becomes
I = ̂  ‘27)
for a faired cable, and with d in place of t for a bare cable.
Assuming that = 0.3 and A^ = 0.2 m^ the value of D/W becomes 0.2 
for cases A, C & D. In case B D/W = 0.033 which may be ignored.
In case A the change in Y given by the non-dimensional analysis is 
-6.48 deg. and equation (26) gives -6.45 deg.
In case C the corresponding changes are -1,12 deg. and -1.35 deg. 
respectively, and in case D - 0.47 deg. and -0.44 deg.
The results reveal the validity of equation (26 ) and show that, in 
general, the greater the zero-drag depression angle the greater its 
change due to drag.
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8. CONCLUSIONS
The use of cable fairings is seen to improve significantly the towing 
performance of body-cable systems but at the expense of both an increase 
in cable top tension and in the fish response to ship heave.
The variation of faired cable normal-flow drag coefficients can be wide, 
and general theoretical methods are not yet available for their 
estimation or for predicting how the drag coefficient will vary with 
cable inclination. However, it has been possible to produce a feasible 
working rule for use when experimental data is not available. This has 
shown that, for w/r^ > 0.5, the fish depression angle (though not the 
tension) may be calculated using the more familiar bare cable functions.
The proposed rule to account for the hydrodynamic drag properties of 
faired cable leads to some simple formulae for calculating faired 
cable properties which are accurate enough for preliminary design work 
and sea trial performance predictions. A quick method for determining
the effect of fish drag has been shown to apply whether or not the cable
is faired.
It is evident that more work is needed to provide a better understanding
of the effects of strumming on bare cable drag, and better methods for
dealing with the hydrodynamic properties of faired cables.
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TABLE 1





X 10"6 "(̂ 0
Aeronautical NACA 0020 1,0 0.050
H NACA 63A022 nat, transition 1.0 0.043
t t t t fully turbulent 1.0 0.060
Wrap-round AEW nat, transition 0,26 0.075
n Flexnose A t t  t t 0.26 0.120
t t " B t t  t t 0.20 0,162
t t t t  t t at sea 0.30 0,219
t t AN/SQS-504 nat, transition 0.26 0.250
t t Rigstream t t  t t 0.05 0,155
t t t t t t  t t 0,35 0.130
Clip-on Neoprene with clips 0,10 0.44
t t Bath triangle no clips, zero gap 0 , 3 0 0.39
t t t t  t t g/d = 0,3 0.30 0.35
t t ” rounded ” ” g/d = 0,20 0.30 0,30
t t " cusped B " " zero gap 0.30 0.175
t t t t  t t  B with clips, g/d = 0.24 0,30 0,40
FIG.1 (a)
AERONAUTICAL
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SOME CAUSES AND EFFECTS OF TOW-OFF
ABSTRACT
The phenomenon of tow-off, or kiting, associated with faired Ccible 
systems has been studied in order to identify probable causes and 
demonstrate their effects. Three-dimensional cable profiles have 
been computed, embodying experimentally determined values of all 
hydrodynamic quantities. The work encompasses fish induced and 
fairing induced tow-off, with light, and heavy fairings, and 
provides generalised data for estimation purposes plus examples 
of the variation with towing speed and scope of the tow-off angles 




2. FISH INDUCED TOW-OFF.
2.1. Tow-off angle due to fish sideforce, with faired cable.
2.2. Tow-off angle due to fish sideforce, with bare cable.
2.3. Lateral displacement due to fish sideforce.
2.4. Lateral displacement related to depth.
2.5. Application to a constant angle of fish yaw.
3. FAIRING INDUCED TOW-OFF.
3.1. Fairing incidence caused by constructional asymmetry.
3.2. Constant incidence tow-off with neutrally buoyant fairings.
4. THE EFFECT OF FAIRING WEIGHT.
4.1. The combined effects of flopping and fish yaw.
4.2. Fairings having positive buoyancy.
5. ANALYSIS OF SOME TOW-OFF ANGLES OBSERVED AT SEA.
5.1. Experimental determination of fairing lift force.
6 . SUMMARY AND CONCLUSIONS.
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APPENDIX 1 DERIVATION OF CABLE SHAPES IN THREE DIMENSIONS.
APPENDIX 2 NON-DIMENSlONALISATION OF CABLE CHARACTERISTICS.
APPENDIX 3 THE COMPUTATION.
APPENDIX 4 THE ESTIMATION OF FISH SIDEFORCE AND YAW ANGLE DUE
TO UNBALANCED CABLE TORQUE.
APPENDIX 5 THE PHYSICAL AND HYDRODYNAMIC PROPERTIES OF THE TOWED 
SYSTEM USED FOR APPLICATIONS OF THE THEORY.
Fig. 1. Two causes of tow-off.
Fig. 2. Swivelling fairings.
Fig. 3. Dimensions of fish, cable and fairings used for
applied calculations.
Fig. 4. Definition of cable shape and axis system - showing
fish weight, drag and sideforce.
Fig. 5. Forces acting on faired and bare cable element AB.
Fig. 6 . Tow-off caused by fish sideforce - with faired cable.
Fig. 7. Tow-off angle due to fish sideforce.
Fig. 8 . Lateral displacement due to fish sideforce.
Fig. 9. Lateral displacement due to fish sideforce -
related to depth.
Fig. 10. Variation with speed and scope of tow-off angle and
lateral displacement due to fish yawed two degrees.
Fig. 11. Example of tow-off due to only h deg. of fairing
incidence.
Fig. 12. Typical effects of gaps on the lift curve slope
and drag coefficients of cable fairings.
Fig. 13. Fairing incidence due to offset cable.
Fig. 14. Normalised tow-off characteristics due to a constant
fairing angle of incidence.
Fig. 15. Variation with speed and scope of tow-off angle and
fish displacement due to 0 . 2 deg. of fairing 
incidence.
Fig. 16. Moments aibout a cable of the weight and lift forces
on a fairing.
Fig. 17. Section of typical neoprene clip-on fairing.
Fig. 18. Showing that a heavy fairing will not flop if
cable profile is two-dimensional.
Fig. 19. Tow-off characteristics of a heavy fairing combined
with 2 deg. of fish yaw: at w/r^ = 0.05.
Figs. cont/d:-
Fig. 20. Variation of tow-off angle with speed and scope
of fish yawed 2 deg. with neoprene fairings 
having = 0.5 deg. at w/r^ = 1 .
Fig. 21. Comparison between tow-off angles observed at sea
and two theoretical simulations.
Fig. 22. The fairings tested at sea - showing possible sources
of misaligned streaming.
Fig. 23. Towing tank experimental rig for measuring fairing
lift force variation with speed and inclination.
Fig. 24. The results from the towing tank experiment.
Fig. 25. Towing tank experiment - data reduction.
Fig. Al. Co-ordinate system and forces on cable element.
NOMENCLATURE
A, B, C Direction angles of cable element.
Ajj, Maximum cross sectional area of fish.
a, b, c Direction cosines of cable element.
a , b , c Direction cosines of cable element at the origin,o o o
Cg Distance between cable centre and e.g. of fairing.
c Distance between cable centre and aerodynamic
centre of fairing.
c Chord length of faired cable.
D Fish drag force = C^.^pv^.A^
d Diameter of cable.
F Resultant external force per unit length of faired
cable.
f Non-dimensional value of F, = F/w.
G A calibration factor (Fig. 25).
g Gap between cable and fairing or between fairings
(Fig. 12).
i, j, k Direction cosines of F and f.
L^ Moment arm (Fig. 25B) .
Lg Submerged length (Fig. 25B).
a Lift force per unit length of fairing.
Z Lift force per unit length of fairing when the
leading edge is normal to the flow.
Jlp Length of fish.
M^ Moment of fairing weight about cable centre.
Mjj Hydrodynamic moment of fairing about cable centre.
m Pitching moment per unit length of fairing about
cable centre.
N Fish yawing moment about vertical axis through fish c.g,
Q Torque due to unbalanced cable (Appendix 4).
Q, R Constants in equation (15).
r Drag force per unit length of faired cable.
r Drag force per unit length of faired cable when the
leading edge is normal to the flow.
S Arc length (scope) measured along cable.
s Non-dimensional arc length, = S/(W/w).
T Cable tension.
Nomenclature cont/d:-
Cable tension at the origin.
t, t Non-dimensional cable tension; = T/W, T /W.o o
t Maximum thickness of faired cable section (Equation A (15))
V  Towing s p e e d .
W Weight of fish in water.
w Weight per unit length of ccible + fairing, in water,
w^ Weight per unit length of cable alone, in water,
w^ Weight per unit length of fairing alone, in water.
X Trail of fish behind cable top.
Y Lateral displacement of fish due to tow-off.
Yp, Fish sideforce.
Z Depth of fish below cable top.
X ,  y, z Non-dimensional coordinates, = X/(W/w) etc.
a Angle of incidence of fairing relative to local
flow direction.
Ug Trimmed incidence angle of heavy fairing mounted on
horizontal cable normal to the flow.
3 Angle of yaw of fish relative to towing direction.
6 Offset distance of cable centre from fairing axis.
X 'Bank' angle of fairings in towing tank (Figs. 23, 24) .
y Tow-off angle at cable top (Fig. 4).
Tow-off angle of cable at the fish.
<t> Inclination angle of cable element to the horizontal
when cable profile is 2-dimensional with Y = O at all 
X, Z.
Threshold value of (f> below which the fairing could 'flop' 
\p Cable critical angle.
p Density of sea water (taken as 1030 kg/m^ for
applications).
0 Angle defined in Fig. 5.
Nomenclature cont/d:-
Drag coefficient of fish, = D/^pv^.A^,
Section lift coefficient of fairing, = Z/hpw^.c 
C Section pitching moment coefficient of fairing.m
N
= m/^pv^.c^
C Pitching moment coefficient caused by fairing
o section asymmetry.
C. Yawing moment coefficient of fish, = N/^pv^.A .£F F
Section drag coefficient of cable, bare or faired. 
Cy° Sideforce coefficient of fish, = Y^/^pv^.A^
1. INTRODUCTION
The use of fairings to reduce the drag of towing cables often 
produces the phenomenon known as tow-off, or kiting, caused by 
unwanted sideforces generated by the faired cable or the towed 
body. These forces displace the cable and body out of the 
vertical plane it should occupy, see Fig. 1, and in severe cases 
cause the cable to pull sideways on its sheave wheel, thereby 
jeopardising its reefing behaviour. In addition, when the ship 
heaves, the changes of cable tension combined with the sideforces 
can impart an oscillatory rolling motion to the body which 
adversely affects the performance of body-mounted sonar systems.
The elimination of tow-off is therefore an important requirement 
in the design of low drag towing systems. Of the two sources of 
sideforce illustrated in Fig. 1 it is the force produced by the 
fairings which is more adverse and more difficult to remove, although 
(as shown later) the presence of body sideforces can induce fairing 
sideforces if the fairings are negatively buoyant; the so-called 
'flopping' mode described in Ref. (1).
Fairing sideforces are due to the hydrodynamic lifting properties of 
the fairings which behave like a wing with its span disposed vertically. 
Unfortunately the more the fairing profile is refined, in order to re­
duce its drag coefficient, the more lift it generates as a result of 
any streaming misalignment o^ built-in section asymmetry. In addition, 
the steeper the inclination angle of the cable to the flow resulting 
from the drag reduction the greater is the sideforce to be expected 
from a given misalignment and the greater its turning moment about 
the cable top.
The intransigent aspect of tow-off is the fact that unacceptably high 
lift forces can be generated by fairing misalignment angles of order 
only 1/10th degree. Such small angles defy measurement and can be 
the result of manufacturing errors that would normally be regarded as 
acceptable working tolerances. This is recognised in Ref. (2) which 
is a theoretical investigation of the tow-off induced by small varia-
tions in the shape of integral fairings, in which the strength 
member is embodied in the streamlined section. Such fairings are 
not the subject of the present study which is concerned with units 
that may be added to existing bare cables, either as clip-on 
fairings that trail behind the cable or as wrap-round fairings that 
enclose the cable, see Fig. 2.
Nevertheless Ref. (2) confirms the extreme sensitivity of tow-off 
to very small imperfections in fairing design. For this reason it 
is almost impossible to ascertain the precise cause of the tow-off 
behaviour exhibited by many towed systems. Furthermore, a lack of 
consistent records of tow-off observed at sea reduces the opportunity 
of confirming any theoretical work. In addition, considerable test 
work is needed to determine the many hydrodynamic properties required 
for analysis.
In the case of wrap-round fairings the presence of only slight friction 
between fairing and cable is sufficient to prevent perfect streaming, 
and to introduce hysteresis effects that further confound the diagnosis 
of precise causes. Wrap-round fairings are usually assembled on the 
cables as a series of linked units which can become compressed by the 
action of their weight plus the component of their drag acting 
tangentially to the cable; the so-called stacking loads. As a result 
there may be additional friction due to rubbing of adjacent fairing 
ends. Ejqjeriments described in Ref. (1) show that the friction torque 
is related to the stacking loads in a particular case.
The elimination of tow-off will be achieved by the virtual removal of 
friction between cable and fairing combined with further improvements 
to their hydrodynamic stability. Refs. (1), (3) and (4) all describe 
successful developments of fairings to achieve these ends. It is 
recommended, for example, that the minimum clearance between a cable 
diameter and a wrap-round fairing nose should be Ih percent of the 
cable diameter. Stacking loads can be prevented from accumulating 
by assembling fairing units in separate lengths of 2 to 5 metres, 
the top unit of each length being located by a stopper clamped to the
cable so that each length hangs from a fixed position, (Ref. 1).
Tow-off still occurs in spite of these measures and the object of 
this study is to provide a better understanding of the phenomenon 
and to quantify the effects of those causes that can be successfully 
simulated mathematically. Hopefully this data will make it possible 
to recognise certain classes of tow-off behaviour by showing how the 
resulting tow-off displacements and cable angles may be expected to 
vary with speed, scope, fish weight etc.
The text presents an examination of alternative causes, descriptions 
of how they have been theoretically simulated and non-dimensional 
data about the resulting cable profiles. In addition the theory 
is applied to a particular body-cable system (Fig. 3 and Appendix 5) 
to illustrate typical variations in real units. The theoretical 
data has also been used to attempt to explain a consistent set of 
tow-off angle measurements obtained at sea, in 1976, with the same 
system, (Ref. 5).
The co-ordinate system defining the cable is illustrated in Fig. 4, 
which shows the forc.es that may act on the fish. The forces acting 
on the cable, either faired or bare, are illustrated in Fig. 5. 
Appendices 1 to 3 detail the methods used for calculating the cable 
profiles, the calculation of the hydrodynamic forces, and the non- 
dimensionalisation procedure. The latter is similar to that employed 
in Ref. 6 , where cable tensions are expressed as proportions of the 
fish weight, and cable dimensions as proportions of the characteristic 
length given by the ratio of fish weight to cable weight per unit-length, 
the weights being the submerged values.
The less important case of tow-off due to body sideforce is considered 
first. The term 'fish' is used throughout in deference to accepted 
jargon.
2. FISH INDUCED TOW-OFF
If the fish is yawed with respect to the towing direction the resulting 
sideforce, Y^, will move the fish and cable sideways (Fig. 4).
There are two possible causes of such yaw; misaligned vertical fins, 
caused by faulty rigging or damage, and cable torsion due to imperfectly 
balanced load carrying elements in the cable. The second cause can be 
discounted because in practice typical non-rotating cables would not 
generate sufficient torque to influence the fish's yaw attitude. This 
is established in Appendix 4 which presents an approximate method for 
estimating fish sideforce due to cable torsion.
The first cause, misaligned fins, would create a constant trimmed fish 
yaw angle, generating a sideforce increasing with the square of the towing 
speed. The quantities of interest are the resulting tow-off angles and 
the lateral displacements (Fig. 4). It is desirable to treat separately 
the cases with faired and bare cable and, initially, to consider the 
effect of fish sideforce unrelated to the fish angle of yaw. In all 
faired cable cases in this section it is assumed that the fairings 
stream perfectly.
2.1. Tow-off Angle Due to Fish Sideforce, with Faired Cable
Fig. 6 (a) illustrates a typical faired cable profile. Such profiles 
have been computed for fish sideforce-to-weight ratios (Y^/W) increasing 
from 0 to 1/2 and it is found that the shape of the cable in elevation 
is hardly affected, the depth reducing by only 5 percent in the most 
extreme case. The lateral curvature of the cable can therefore, with 
little error, be treated independently of the profile in elevation.
As Yp increases the projection of the cable on plane YOZ departs 
increasingly from the vertical and the lateral displacement of each 
point on the cable is found to be closely proportional to Y^/w-
Fig. 6 (b) shows the cable as viewed from astern. When the cable is 
faired the drag force, r6S, acting on each element is parallel to OX
so that only and the fish and cable weights are involved 
in the balance of forces. It is evident that
tany = Y^/(W + wS) (1)
independent of the magnitude of the fish and cable drag forces, and 
hence of the towing speed. Equation (i) is verified by the computed 
results. Expressing S non-dimensionally as a proportion s of the 
system characteristic length W/w (Appendix 2) gives
tany = tany^ / (1 + s) (2 )
where tany^ = Y^/W and s is the ratio of cable weight to fish weight.
Thus for a faired cable one can expect the tow-off angle to depend only 
on the scope, for a given fish sideforce, as shown by the heavy line 
in Fig. 7.
2.2. Tow-off Angle Due to Fish Sideforce, with Bare Cable
The direction of the hydrodynamic force on a bare cable is not parallel 
to OX but to XB (Fig. 5). It therefore opposes any lateral cable move­
ment, and because the bare cable drag coefficient will be several times 
that of the faired cable the effect is large. The curvature of the 
cable projected onto plane YOZ is much increased so that the tow-off 
angle reduces more rapidly with distance S measured up the cable from 
the fish. The computed results.show that the lateral displacement at given S 
is not quite linear with Y^ at shallow depression angles but the departure 
from linearity is not significant for Y^/W < 1/2 .
Computed values of tany/(Y^/W) are shown in Fig. 7 for a bare cable at 
a range of w/r^ values. It is seen that at very low speed (high w/r^) 
there is little difference from faired, but at high speed and long scope 
the tow-off angle can be zero, belying the fact that the fish will in 
fact be laterally displaced. These results are computed for zero fish 
drag but the inclusion of fish drag is found to have only very small 
effect when the towing cable is bare; therefore these graphs may be used
to assess tow-off angles under most conditions.
2.3. Lateral Displacement Due to Fish Sideforce
Fig. 8 shows, per unit fish sideforce-to-weight ratio, the variation of 
lateral displacement y with scope s, these lengths being expressed non- 
dimensionally. Displacements are given for both bare and faired cables 
over a range of w/r^. Fish drag has been ignored so that, as s ->■ o, the 
value of dy/ds is constant and equal to Y^/W.
The marked reduction of y in the bare cable case at all but the lowest 
speeds is evidence of the bare cable's resistance to lateral forces.
At a given speed the reduction due to removing the fairing is enhanced 
because the corresponding w/r^ values would reduce by a factor of at 
least 4 due to the increased cable drag coefficient.
The y values at a given s may be altered by up to 10% when fish drag is 
considered. It is found, however, that y varies linearly with depth, 
and the constant of proportionality is practically independent of fish 
drag. Thus, if at given scope the depth is known, the lateral displace­
ment can be determined with less uncertainty, as shown below.
2.4. Lateral Displacement Related to Depth
Fig. 6 (b) shows a faired cable in end view with the fish at depth Z dis­
placed Y laterally. Assuming that the resultant cable weight, wS, acts 
at the mid-Y point, as shown, one may take moments about an axis parallel 
to OX through the cable top. This yields
WY +  h y S Y . = YZ (3)
giving
Y/Z = Y^/(W + ^wS) (4 )
and therefore
Y/Z = (Yp/W)/(1 + ŝ) (5)
showing that at a given scope the lateral displacement per unit fish side­
force-to-weight ratio is proportional to the depth; the factor reducing 
with increasing scope. This equation is useful because it does not pre­
suppose a particular relationship between depth and scope.
Fig. 9(a) compares the results from Equation (5) with values computed at 
extreme values of w/r^ representing fast and slow towing speeds.
Equation (5) underestimates Y/Z because the assumption that the cable 
weight acts at mid-Y is evidently too crude, a factor of about 1.2 being 
necessary to give parity with the mean of the other two curves. The 
small variation with w/r^ is in contrast with the variation of y shown 
in Fig. 8 (a). Furthermore the computed results show that Y/Z is indepen­
dent of fish drag.
The corresponding values for a bare cable are shown in Fig. 9(b). The 
expected larger influence of decreasing w/r^ is evident. More important 
is the fact that if typical fish drag values are considered the Y/Z 
values change very little. Fig. 9(b) has been labelled accordingly.
These graphs allow the tow-off behaviour of a given system subjected to 
fish sideforce to be determined.
2 .5. Application to a Constant Angle of Fish Yaw
The above results have been applied to a particular fish and cable (see 
Fig. 3 and Appendix 5) to illustrate typical effects of a constant fish 
yaw angle due to an unwanted asymmetry of the fish body-fin configuration, 
A value of 2 degrees of yaw is assumed to be realistic. The resulting 
tow-off angle tangents and displacements are, of course, linear with 
yaw angle.
Fig. 10 shows how y and Y vary with speed for scopes of 75 to 600 m of
faired and bare cable. The faired cable angles are seen, at
each scope, to vary roughly as v^, due to the corresponding variation 
of Yp. When the cable is bare the combination of the increased lateral 
cable curvature and the more rapid reduction of depth with speed, due 
to higher cable drag, produce negligible tow-off angles.
The lateral displacement is also negligible for the bare cable, but 
when it is faired there is a marked increase with speed and scope. A 
small reduction is caused when fish drag is allowed for, due to the 
small change of depth it incurs at each speed.With the bare cable the 
effect is not discernible.
It is thus seen that a modest angle of yaw of the fish can, with a faired 
cable produce significant lateral effects: 30 deg. of tow-off angle being 
sufficient to cause reefing problems. Such difficulties should not arise 
with bare cables.
3. FAIRING INDUCED TOW-OFF
The tow-off created by fairings that fail to stream properly is of 
greater magnitude than that due to fish forces because the unwanted 
fairing sideforces are distributed along the cable. It is characterised 
by a cable shape in which the tow-off angle is greatest at the top of 
the cable, see Fig. 1. For this reason the tow-off angle is usually 
a more important consideration than the accompanying lateral displace­
ment.
The extreme sensitivity of the system to very small angles of fairing 
incidence a (Fig. 5) is demonstrated by Fig. 11 which shows the cable 
shape produced by the fairing of Fig. 3 with a assumed constant at h 
deg. along the cable. It is seen that the tow-off angle is about 45 deg., 
which would be unacceptably high, particularly if the fish were towed 
from the side of a ship and the displacement were inwards. The loss of 
depth due to tow-off in this extreme case is nearly 2 0 percent. The 
unchanged value of the trail is clear evidence that cable elements are 
rotating about a horizontal axis through the cable top parallel to OX.
The change in top tension, due to the tow-off, is of order 1 percent, 
which confirms that the lateral forces have little effect upon the 
longitudinal properties.
The assumed constancy of the fairing angle of incidence is not necessarily 
realistic because the value of a may vary along the cable in a manner 
depending on the cause of the fairing misalignment. Three contributory 
causes are (i) geometric asymmetry of the fairing and cable, (ii) the 
effect of the fairing weight and (iii) friction between fairing and 
cable or between adjacent fairing units. The effects of friction are 
not considered because there are too many unknowns to allow a realistic 
simulation to be made. The presence of friction exacerbates the effects 
of the first two causes and gives rise to inconsistent and non-repeatable 
towing behaviour.
It is with wrap-round fairings that the reduction of friction is more 
difficult. With clip-on fairings the area of rubbing surface is much
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less. It must be taken as axiomatic that friction be reduced to the 
absolute minimum by careful design, as recognised in Ref..( 1) and dis­
cussed in Section 1.
The two other causes, geometric asymmetry and fairing weight, are 
considered in turn.
3.1. Fairing Incidence Caused by Constructional Asymmetry
Ignoring the effect of fairing weight, in the first instance, it is 
clear that due to the sensitivity of the system the fairing shape must 
have a high degree of geometric symmetry and be free of handed surface 
imperfections such as recessed screw heads. These blemishes will cause 
the fairing to trim at a finite a that would in theory be constant along 
the cable whatever its inclination angle.
The precise value of the trimmed incidence would depend upon the reaction
between the out-of-balance hydrodynamic pitching moment coefficient
created by the asymmetry and the restoring moment coefficient due
to°the inherent pitching stability of the fairing, which is governed by
the derivative dC /da, the moments being taken about the cable centre, m
Thus
a  =  Cm / ( d C j j j / d a )  ( 6 )
o
where
dC^/da = (dC^/da).(c^/c) (7)
c^ being the distance between the cable centre and the aerodynamic
centre.
The resulting lift force per unit length of cable will be given by
I = a(dC^/da). hpv^. c (8 )
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where dC^/da is the section 'lift curve slope' of the cable-fairing 
combination.
These two hydrodynamic derivatives can vary, widely according to the 
type of fairing section involved.
The magnitude of dC^/da may vary from 2tt per radian for an aeronautical
section to as little as 1.5 for a clip-on fairing having a large gap be­
tween cable and fairing member. In general the smaller the drag co­
efficient the larger is the lift curve slope. If wrap-round fairings
have gaps between units the lift slope will fall but the drag coefficient
increase. The same is true of gaps between clip-on fairings and their 
cables. Fig. 12 shows how the lift slope and drag coefficient are related 
for both types of fairings, the data being derived from Ref.7 and un­
published wind tunnel tests conducted by the writer. The lower level of 
the lift slope of clip-on fairings due to the increased effect of the 
larger area of the gap is undoubtedly the reason why clip-on fairings 
are much less prone to tow-off than wrap-round fairings, as is generally 
recognised. Equally relevant is the reduction of friction due to the much 
smaller contact area between clips and cable.
The magnitude of dC^/da may also vary widely. While it is obviously 
desirable to have small dC^/da to reduce tow-off, any such reduction must 
not be achieved at the expense of loss of stability. The ideal
fairing would have a low lift slope and an aft aerodynamic centre. This 
requirement is not always easy to achieve. For aeronautical section 
shapes the aerodynamic centre will be 1/4 chord behind the leading 
edge, but when the section has a bluff nose profile and a thick trailing 
edge the aerodynamic centre position can depend critically upon the 
exact section profile. The example given in Ref. 1 shows that the 
fairing illustrated in Fig. 3, but without the trailing edge extension, 
had its aerodynamic centre only 2.3 ram aft of the cable centre, with a 
lift slope of 4.06. With the extension added the aerodynamic centre 
was 17.5 mm aft, with dC^/da unavoidably increased to 5.71. Without the 
extension these fairings produced unacceptably large tow-off.
If the fairing stability is small the trimmed incidence due to asymmetry
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can become unacceptable. In such a case it is not only necessary to 
avoid all surface imperfections but in addition to ensure that the cable 
is precisely located on the fairing centreline, otherwise the fairing 
drag force will create an out-of-balance pitching moment, see Fig. 13. 
For example, a ^ mm off-centre displacement of the cable would, for 
the Fig. 3 fairing without its extension, cause a trimmed incidence of
0.125 deg., sufficient to create significant tow-off.
This evidence demonstrates that constructional asymmetry can cause 
fairings to stream with a constant angular offset along the length of 
the cable when they are close to having neutral buoyancy. Such cases 
have been analysed to reveal their tow-off characteristics.
3.2. Constant Incidence Tow-off with Neutrally Buoyant Fairings
Computed cable properties show that the sine of the angle of tow-off is 
to within 10 percent linear with the fairing lift/weight ratio created 
by the trimmed a. This is because the addition of the fairing lift 
forces has negligible effect on the top tension, the lateral component 
of which (Tsiny) must balance the total lateral fairing force; (it being 
remembered that the drag forces on the cable are parallel to the direction 
of tow) . The lateral displacement of the fish is also nearly linear with 
the fairing lift/weight ratio &^/w (Appendix 2) . Fig. 14 shows the 
resulting tow-off behaviour in normalised form, from which tow-off and 
displacement may be derived for any towed system given the magnitudes of 
the fairing angle of incidence and lift and drag characteristics.
At given speed (or w/r^) the fairing lift, being proportional to sin̂ ij) 
(Appendix 1) will be greatest at the fish end, so that when more scope 
is added the additional lift will be progressively less and will also 
have a smaller turning moment about the cable top. Increasing the speed 
will increase the lift but reduce the fish depth which governs the 
turning moment. These conflicting effects produce the illustrated pattern 
which reveals that at high speeds (low w/r^) the tow-off angle reaches a 
maximum value and then reduces.
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The tow-off angle is seen in Fig. 14 to vary rapidly with non- 
dimensional scope in the range 0<s<0.5 which covers many practical 
cases. It is worth noting that tow-off angles can . be reduced, 
a given real scope S, by increasing the weight of the fish. The mag­
nitude of the change can be judged by the reduction of s that would 
result from doing so.
The corresponding lateral displacement y is seen to increase continuously 
with scope but at a rate that is speed dependent.
These results have been applied to the body-cable system of Fig. 3, 
assuming a fairing incidence of 0.2 deg; the very slight negative buoyancy 
of these fairings being ignored. Fig. 15 shows the characteristics 
that emerge. If 30 deg. is considered to be the maximum acceptable y 
value it is evident that the system is unacceptable abcve about 7 knots 
at all but the lowest scope. The corresponding lateral displacements 
tend to peak between 5 and 7 knots with values of order l/5th of the 
scope.
Overall these results confirm that very small angles of incidence will 
cause significant tow-off angles that can vary with speed and scope in 
a manner quite different from those caused by fish yaw (Fig. 10).
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4. THE EFFECT OF FAIRING WEIGHT
When the weight of the fairing is considered the steady state angle of 
incidence must be derived by taking moments about the cable of both 
the fairing weight and the hydrodynamic forces. Fig. 16 illustrates 
unit length of fairing at incidence a with its weight in water, w^, 
located a distance c^ from the cable axis OP. It may be shown that the 
weight moment of w^ about OP (the 'flopping' moment) is given by
Wf c
(cosBcosa + cosAcosCsina) (9)
whëre A, B, C are the direction angles of the cable element. The opposing 
hydrodynamic moment will be
= dC^/da.c^.Hïpv^.sin^A.a (10)
The derivative dC /da must be -ve for a stable fairing because C is m m
defined as being +ve when it acts to increase a.
Writing w^c^ = Q (11)
and dC^/da.c^.^pv^ = R (12)
e q u a t i o n s  (9) a n d  ( i Q ) b e c o m e ,  in t e r m s  o f  t h e  d i r e c t i o n  c o s i n e s  a ,  b ,  c 
o f  OP
Q_
(1 - a^)
^  '(bcosa + acsina)
Mjj = R(1 - aZ)a (14)
Equilibrium, when = O, will occur when
Qbcosa + Qacsina + R(1 - a^) ^^a = O (15)
Since R is -ve it is convenient to write (15) as
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Il ? 3/,Qbcosa + Qacsina —' |R|(1 - a ) a = O (15)
A conventional non-dimensional measure of a fairing's propensity to 
flop is the incidence a^ it would trim at if mounted on a horizontal 
cable set normal to the stream, i.e. with direction cosines O, 1, O. 
Thus, from Equation (16) assuming cosa = 1
«JJ = Q/|r | (17)
The magnitude of a^ will, of course, decrease as speed increases.
Equation (16) then becomes
9 3 /aRbcosa + ayacsina - (1 - a^) a = O (18)
If the cable profile is assumed to be 2-dimensional and confined to 
the vertical plane OXZ, so that b = O, one has
agacsina - (1 - a“̂) a = O (19)
and writing sina = a - a^/e
-a^aca^ + ijx̂ ac - (1-a^) a = O (20)
Because X and Z are always +ve the quantities a, c are +ve; so 
also is Ur . Therefore if the coefficient of a in equation (20) 
is -ve it will yield a single stable equilibrium point at a = O. 
If the coefficient is +ve there are 2 stable equilibrium points 
at
a = ± 1 - (1 - a^) (21)
of which only the +ve value is relevant here. There is also an 
unstable equilibrium point at a = O.
Thus the fairings on a cable lying in the XZ plane would flop 
over from a = O to the above value if
(1 - a^) < oijjac (22)
This inequality is only satisfied at large a, where the cable inclina­
tion angle (f> is very shallow; it being evident that as the cable 
inclination approaches the horizontal the weight moment increases and
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the hydrodyrtamic restoring moment decreases.
Writing as the threshold value below which flopping could occur, 
and noting that in the 2-dimensional case a^ + c^ = 1, the above 
inequality requires that
(J)<<J)̂ where
2cos(f)̂  = (OgZ + 4)^-Ur (23)
The magnitude of
Figure 17 shows in cross section a neoprene clip-on fairing having a 
specific gravity of 1.6; an example of a 'heavy' fairing.
From Equations (12) and (A15) it is seen that
^f ^g C
^ -----:— 4 — I (24)
da
Substitution of the appropriate values for this fairing gives
ot = 0.50 deg at w/r = 1.n O
It may be noted that if the fairing material is homogeneous, a^ 
depends only upon the fairing shape and its specific gravity; not upon 
its size.
From Equation (23) this fairing could only flop on the part of the cable 
where < 5.3 deg., an angle far lower than could conceivably occur 
at w/r^ = 1. Figure 18 shows the variation of the critical cable 
angle, as a function of w/r^, compared to that of for a^ = 1° and 
10° at w/r^ = 1. This fairing would require a specific gravity of about 
13 to give a^ = 10 deg. It is evident that when the cable is 2-dimen­
sional such fairings can never flop, even if disturbed, because the 
hydrodynamic restoring moment always exceeds the weight moment.
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If, however, the cable is already displaced laterally, due to fish 
yaw, the cable fairings will trim at some flopped angle and produce 
an additional sideforce on the system that would increase the tow-off.
Referring back to equation (16) , and retaining the term in b, provides 
the fairing equilibrium condition relevant to a 3-dimensional cable 
profile. Writing cosa = l-a^/2 and sina = a - a^/6 gives
a„ac a b f  3/2 1
— 6~ ^ ~~T~ ^ (1-a ) - Gracia - a^b = O (25)
Since both a^ and a are of order .01 radian the terms in a^ and a^ may 
be ignored, to give
V    (26)(1-a^) ^-a^ac
It will be seen from Fig. 5 that the fairing lift force £ due to + ve 
a is arranged to act so that the direction cosines a, b, c remain +ve. 
This requires that
, 3/(1-a^) ^GgGC (27)
which is the opposite of the inequality required for flopping to occur 
in the 2-dimensional case. However, in the 3-d case this condition is 
always satisfied. Assuming that b = B, a constant, and writing a^ +
B^ + c^ = 1, the inequality (27) becomes
2x ̂ /2 H° ^ ^ " IB" + c"j (28)(B^ + c^) ^>a„c / 1 - (B^ +
where c could vary from O to /l-B^ along the ccible. This inequality is 
found to be satisfied in all the practical cases examined.
Equation (26) can therefore be used to calculate the angle of incidence 
of heavy fairings on a cable that is forced to be 3-dimensional by 
another cause such as fish yaw.’ The resulting lift force to weight 
ratio of unit length of flopped fairing is given by equation (A24).
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4.1. The Combined Effects of Flopping and Fish Yaw
A series of computations has been made of the cable shapes resulting 
from the combined effects of fish yaw angles 3 of O, 1, 2 deg. with 
heavy fairings having values of O, 0.25, 0.5, 0.75 deg. it is found 
that in spite of large tow-off angles the cable top tension is affected 
little by the fish and fairing lateral forces. It is also found that 
the inclusion of fish drag makes negligible difference to the resulting 
tow-off.
In qualitative terms the revealed non-dimensional patterns of cable 
shape, although non-linear with and 3, can be exemplified by 
results at one value of w/r^, as shown in Fig. 19. The cable shape as 
seen from astern is shown, for s = 4 and compared with the case 
when Gg = O, i.e. with neutrally buoyant fairings. The magnitudes of 
the tow-off angle are also plotted against scope. The curvature of 
the cable is seen to change sign as increases, and it becomes almost 
straight at = *5 deg., with a tow-off angle of about 30 deg. at all 
scopes. At Ur = 0.75 the tow-off angle becomes excessive.
A conversion of these data into real units provides a practical com­
parison. Fig. 20 shows the effect of flopping on a towed system 
involving the Fig. 3 fish assuming that a neoprene fairing of 
specific gravity 1.6 were used in place of the fairing shown in Fig. 3. 
The tow-off angle is seen to increase approximately with speed squared, 
and there is negligible change with scope when flopping occurs.
These results may be compared with those of Figs. 10 and 15. Taken 
together they demonstrate that the tow-off behaviour of a given system, 
if friction effects are ignored, can vary considerably according to the 
cause. The characteristics revealed by these calculations may be help­
ful in diagnosing the cause of tow-off where a consistent set of measure­
ments is available.
4.2. Fairings Having Positive Buoyancy
Lighter-thcin-water fairings are rare but, as pointed out by J.F. Henderson,
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advantage would accrue from their use. Not only would flopping be 
prevented but the fairing incidence due to geometrical asymmetry would 
also be reduced. In cases where the static stability of a fairing is 
low the possession of buoyancy would much reduce its tendency to cause 
tow-off.
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5. ANALYSIS OF SOME TOW-OFF ANGLES OBSERVED AT SEA
The towed system of Fig. 3 was taken to sea in 1976 (Ref. 5) and large tow- 
off angles were observed. The fish was stern launched and the tow- 
off angles were recorded by photographing the cable angle made with 
the horizon when viewed looking astern. The sea conditions were very 
calm.
The most noteworthy feature of the observed angles was their repeatability 
from one day to another, which suggested that little friction was present 
between cable and fairings. This was, perhaps, to be expected because 
a 3 ram diameter difference existed between the cable and the fairing 
enclosing it.
The direction of tow-off was always to port and unaffected by the angle 
of yaw at which the fish was lowered into the water. The cable scope 
was varied from 60 to 135 m, which ruled out the likelihood that the 
ship wake was influencing the cable profile. The speed range was up 
to 6*5 knots.
The observed tow-off angles are shown in Fig. 21 and it is seen that 
the y values increase roughly linearly with both (speed)^ and scope, 
which suggests that the sideforces are due to fairing incidence rather 
than fish yaw.
A first attempt to simulate the observations was based upon the 
assumption that the fairings were trimming at some constant angle of 
incidence, due to some shape asymmetry. The value of a was adjusted, 
using the programme, to provide a tow-off angle matching the point shown 
in Fig. 21 at 90 m scope. Only 0.18 deg. was needed. The y variation 
at other speeds and scopes, when a =0.18 deg., is shown* The 
resulting trends are not in good agreement with those observed.
Scaling the value of a up or down did not improve the agreement.
The fairings have an angle of only 0.225 deg. at w/r^ = 1 (Appendix 5), 
and it was confirmed that no realistic combinations of fish yaw angle with 
flopping could provide y variations of the pattern observed.
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The constant a curves in Fig. 21 are seen to have falling gradients 
above 4 kt., in contrast to the trends exhibited by the observed 
points, particularly at the higher scopes. This suggests that, in 
reality, the fairing angle of incidence must be increasing as the 
cable angle becomes shallower.
A significant difference between these particular fairings and the 
more ideal section shapes assumed in the theoretical applications 
is the presence of the trailing edge extensions, (Fig. 3) with 4 mm 
gaps between each adjacent pair. If, due to their loose fit on the 
cable and the asymmetric arrangement of the screwheads, the fairings 
'buckle', as shown in Fig. 22, the resulting staggered arrangement 
of the trailing edge extensions would be conducive to deflecting the 
fairings to an incidence that would be greater the closer is the flow 
direction to being parallel to the cable. This is because the 
restoring moment decreases as the tangential component of *jpv̂  
increases.
In order to test this hypothesis a simple experiment was carried out.
22
5.1. Experimental Determination of Fairing Lift Force
Twelve fairings, see Fig. 23, were mounted on a 13 mm dia steel bar 
held in a frame freely pivoted on the overhead trolley of the School 
of Engineering Towing Tank. The fairings and frame were free to swing, 
like a pendulum, under the action of any lift forces generated by the 
fairings when they moved through the water. The trolley was 
accelerated at about 1 m/s^ to speed plateaux variable from 1 to 3 
knots in h knot steps. The 'bank' angle of the pendulum frame was 
recorded by a simple tally that marked the maximum angle. The tank 
length was sufficient to ensure several seconds of dwell at the 
maximum speeds. The angle of inclination (|) of the fairings could be 
changed from 90 deg. to 45 deg. In the latter case the number of 
submerged fairings was reduced from 12 to 8 .
The bank angle could be read to the nearest 1/4 deg. and the maximum 
recorded angle was 3 deg. Although this impies a resolution of no 
better than 8 percent of full scale deflection the consistency of the 
results, encompassing 3 repeats of each point is satisfactory. Fig.24 
shows that the bank angle X was approximately proportional to (speed) 
implying that the fairing incidence was constant, at each inclination 
angle.
Converting these angles into moments about the pivot axis involved the 
pendulum calibration curve of Fig. 25(a). Conversion of this moment 
into fairing lift force per metre was based upon the assumption that 
the resultant lift force acted through the mid-point of the submerged 
length L^, see Fig. 25(b). Its moment arm was thus given by
L^ = h + sin<J>(L - ^L^) - dcos^ (30)
The resulting lift force per unit length of fairing, Z, is given by
Z = G X / L L  (31)M s
where G is the 'pendulum' calibration factor in Nm/deg.
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This derived £ requires correcting to provide the 
equivalent 2-dimensional section lift force for use in the cable 
equation. The aspect ratio (span ? streamwise chord length) varied 
from 10.2 to 4.2 as <j> reduced from 90 deg. to 45°. An approximate 
correction factor has been derived from theoretical lift slope data 
from Ref. (8) , giving correction factors varying from 1.2 at (j) = 90 deg. 
to 1.55 at <f> = 45 deg.
The measured values of fairing lift force are given in Fig. 24(b), 
the corrections to infinite aspect ratio being shown. The graph relates 
to a 3 knot towing speed. The trend is clearly one of small variation 
of £ with ((>, implying that the fairing incidence does increase as (j> gets 
less.
If the fairing lift force per unit length is assumed, on this evidence, 
to be independent of (f>, and to vary with the square of the speed up to 
6 knots, the resulting theoretical tow-off curves (Fig. 21) are in 
better agreement with the observed tow-off angles than are the constant 
a values. Equally important is the fact that, in the towing tank, the 
'cable' deflected only to the port side, as occurred at sea. Whether 
or not the fairings were buckling could not be ascertained in the tank, 
the physical deflections of the fairings being, of course, very small.
It is concluded that these particular fairings, with their large 
clearances and trailing edge extensions, were behaving differently 
from the manner to be expected of more regular fairing shapes; the 
possible explanation being the occurrence of buckling (Fig. 22).
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6. SUMMARY AND CONCLUSIONS
The well known tendency faired cable systems have for towing off 
has been demonstrated by calculations utilising experimentally 
determined hydodynamic properties of fairings, cables and body.
These have confirmed that apparently minor imperfections in the 
design of cable fairings can give rise to unnacceptably large 
tow-off angles at the cable top.
Because such small angles involve no added drag to the fairings 
the trail of the fish is unaffected by tow-off; the latter causing 
each element of cable to rotate about a fore-and aft axis through 
the cable top.
Two alternative causes of tow-off have been studied: fish-induced 
and fairing-induced. The former, caused by a constant trimmed 
fish yaw angle, with neutrally buoyant fairings, has been shown 
to be the less serious and, in conjunction with an unfaired cable, 
to have little effect. The likelihood of fish-induced tow-off 
caused by the torque from an unbalanced cable has been found to 
be negligible.
It has also been shown that when the fairings are heavier than water 
fish-induced tow-off is greatly amplified because the fairing 
weight inclines the fairings to the local flow direction.
Normalised data has been provided for the estimation of tow-off 
angles and fish displacements due to these causes, given the 
knowledge of the many hydrodynamic properties required. This has 
been possible because it was found that, at a given scope and 
towing speed, the magnitudes of the resulting displacement were 
approximately linear with the fish sideforce, or the fairing lift 
force occurring at the bottom of the cable where its inclination is 
nominally vertical.
The normalised data has been applied to a given towed system to
25
demonstrate in real units the magnitudes to be expected in practice. 
It was found that if fish yaw was the primary cause the cable top 
tow-off angle reduced with scope increase at constant speed, but 
that the contrary was true if fairing incidence was the sole cause. 
The combined effect of fish yaw with a heavy fairing could produce 
either variation.
Measurements at sea of the tow-off angles generated by the towed 
system have been used to test the theory, but none of the above 
standard causes could explain the observed variations with speed 
and scope. Towing tank experiments using a sample of the fairings 
showed that they behaved differently, the measured lift force per 
metre length being almost independent of the cable inclination.
This revised lifting law produced much improved agreement with 
the sea trial results, although the proposed explcuiation for such 
fairing behaviour has involved an element of conjecture.
Finally, it is hoped that this study will lead to a better under­
standing of the quantitative aspects of the tow-off phenomenon 
and contribute to the design of trouble-free fairings. The work 
has reinforced the view that the ideal fairing will have a low lift 
curve slope, high static stability, a minimum of rubbing contact 
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APPENDIX 1
DERIVATION OF CABLE SHAPES IN THREE DIMENSIONS
Al.l. The Cable Equations
Fig. Al shows the coordinate system of a fully flexible inextensible 
cable in equilibrium under an external loading represented by a force 
per unit cable length, F, having direction cosines i, j, k; these 
variables being known functions of S, the cable length measured from 
the origin.
If an element 6S is under tension, T, the differences between the 
direction cosines at its ends required to balance the component of F 
normal to the cable are given by:
a2 - ai = (FÔS/Ti) 
b2 - bi = (F6S/T1) 
C2 - Cl = (FÔS/T1)
- i d  - ai^) + jaibi + kaicij 
iaqbi - j(l - bi^) + kbici
iaqci + j bici - k d  - ci^)
a( 1 ) 
a( 2 ) 
a( 3 )
where a%, b%, c% are the direction cosines at the lower end.
The change in tension along the element is given by
T2 - Ti = -F6S(iai + jbi + kc%) A( 4)
Assuming that the element is smoothly curved the coordinates of the 
upper end in terms of those at the lower end are given by
S2 - Si = 6S A ( 5 )
X2 - Xi = *2(ai + a2) 5S A ( 6)
Y2 - Yi = *2(bi + b2 ) 6S A ( 7 )
Z2 - Zi = *2(ci + C2) <SS A ( 8)
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If the tension and direction cosines are known at the origin, and the 
vector F is specified at all S, these equations allow a step-by-step 
numerical integration up the cable •
A1.2. Conditions at the Origin
These are governed by the forces acting on the towed body. Writing W,
Dp as the fish weight and drag respectively, and as the sideforce 
produced if the fish is yawed with respect to the direction of motion, 
the tension T^ at the origin will have magnitude
Tq =(d/  + + W^)*" A (9)
because the 3 forces are orthogonal (Fig. 4).
The direction cosines of the cable at the origin will thus be:
=  D p / T o '  b o  =  ' p / T o -  = o  = "/To A (10)
The fish drag force is given by
Dp = C^.^pv^.Ap A( 11)
where C^ is the drag coefficient based upon the body maximum cross 
sectional area Ap.
The fish sideforce Yp is given by
Yp = (dCy /d3).3.^pv2.Ap A( 12)
where dC^ /d3 is the sideforce coefficient derivative for the fish.
Its magnitude depends much on the vertical fin area and is not easily 
estimated; wind tunnel measurements are a better source. The value, 
per radian, for the fish shown in Fig. 3 is 5.85.
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Al.3. The External Loading, F, on the Cable
The force per unit length, F, will be compounded of the weight and drag
forces plus any lift forces generated by the fairings. The term 'lift 
force' is retained although its line of action is effectively sideways. 
These three forces are shown in Fig. 5 which represents unit length of 
cable AB with or without a fairing. The relative flow is along the X 
axis towards O. If the fairing element is neutrally buoyant and streams 
perfectly it will lie in the plane OXP; otherwise it will generate a 
lift force, £, proportional to a, its angle of incidence.
The magnitudes and direction of these forces are described in turn.
The drag force • on a bare cable
The drag force per unit cable length when the cable is normal to the 
flow direction is given by
r^ = C^ .tpvZ.d a (13 )
o
where d is the cable diameter if unfaired. For bare cables 1.2 < C^
< 1.7, depending upon^the strumming condition. A value of 1.5 is of?en 
used as a typical average value. In the 3-dimensional case, when the 
cable angle to the flow is 0 (Fig. 5), the drag force r lies in the 
plane OXP and acts perpendicular to the cable element with magnitude 
given by r = r^sin^B. In reality there is a very small component of 
drag acting tangentially to the cable but this is usually ignored , see 
Ref.(9). In terms of the cable element direction cosines a, b, c
r = r^(l - a^) a (14 )
and has direction cosines -(1-a^)^, ab/(l-a^)*^, ac/(l-a^)*^.
The drag force on a faired cable
The normal flow drag force per unit length is given by a (15 )
r = C .*2pv^.t 
o
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where t is the fairing maximum thickness. may vary between 0.1
and 0.4, depending upon the fairing section sRape, see Ref.(6) .
At other cable inclinations to the flow the drag r is assumed to 
follow the empirical rule proposed in Ref.(6). Accordingly r lies 
in the plane OXP (Fig. 5) cind remains parallel to OX. Its magnitude, 
expressed as a fraction of r^ is given by
r/r^ = sin0 for 30 deg<0<9O deg. A (16 )
r/r^ = 0.273 + 0.8270^ for O<0<3O deg. A(17 )
where 0 is angle XOP in Fig. 5, given by arcos(a). The direction 
cosines of r are therefore -1, O, O. The wind tunnel tests on faired 
sections reported in Ref.(1)establish quite firmly that if the fairing 
angle of incidence lies between ± 1 deg., as may be expected, the 
value of r^ does not change, i.e. the vortex or lift-dependent drag is 
negligible for such small a.
The fairing lift force
The normal-flow lift force per unit length of faired cable will be 
given by
=' (dC^/da) .a.*2pv^c A(18 )
where dC^/da is the section 'lift curve slope', a the angle of incidence and 
c the fairing chord length. The use of chord length in place of thick­
ness is the convention used in defining
In the 3-dimensional situation (Fig. 5) the lift force will act normal 
to plane OXP and therefore have direction cosines O, -c/(l-a^)^, 
b/(l-a^)^. Its magnitude will be given by
£ = £ .sin^0 = £ (1-a^) A(19 )o o
because the lift is proportional to the component of *jpv̂  normal to the 
leading edge OP.
The weight force
The weight in water of unit length of cable, with or without fairing, 
is denoted by w, which acts vertically and therefore has direction 
cosines O, O, - 1.
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APPENDIX 2
NON-DIMENSIONALISATION OF CABLE CHARACTERISTICS
A2.1. Conversion of Cable Equations
This has been done in accordance with the normalising technique adopted 
in Ref.(6). All forces are expressed as proportions of the fish weight 
W, and all forces per unit length as proportions of cable weight per 
unit length w. Cable lengths are then ratios of the characteristic 
length W/w and tension are ratios of the fish weight. Writing s = S/(W/w), 
f = F/w, t 1 = Tj/W, equations Al to A4 become
a2 - ai = (fôs/ti) j^-i(l - ai^) + jaibi + kajci
b2 - bj = (fôs/ti) 
C2 - cj = (fôs/ti)
iajbi - j(l-bi^) + kbiCi 




t2 - ti = - f<Ss(iai + jbj + kci) A(23 )
Writing x = X/(W/w) , etc., Equations A (9 to A ( 8) are the same but with 
capital letters replaced by lower case.
At the origin, where x = y = z  = s = 0 ,  the value of tj is given by
ti = t^ = 1/c^ (from Equation A(io)).
It should be noted that the non-dimensional form, s, of the real scope
S is the ratio of the cable weight to the fish weight at that scope.
A2.2. Conversion of Hydrodynamic Forces
It is standard practise to integrate the above equations at constant 
values of w/r^, the weight to drag ratio of the cable; the values being 
successively decreased to represent increasing values of *spv̂ , v being 
the towing speed. Since the water forces on fish and cable are them­
selves proportional to hpv^ the force ratios required for the non-
dimensional equations are best expressed as coefficients of (w/r^) 




&g/w = — — —----  / (w/r^) from equation a (18) A(24)
r /o
C Ap ^ /
Dp/W = —---— (̂ ) / (v/r^) from equation A(ll) A(25)
r ’ 'o
6(dcyp/ae)Ap ^ /
Y /W = — ---7------  ( )  from equation A (12) A (26)F V-» • t W / Or '
The numerical values of these ratios when w/r = 1 are useful constantso




The numerical integration of equations A (20) to A (23) has been 
carried out at selected values of w/r^ between O emd 1.50, to give 
cable angles and x, y, z co-ordinates of cable lengths varying 
from s = O to 4.0, working from the origin at the fish.
The step size was varied during the integration; 800 steps between 
s = O and 1, 400 between s = 1 and 2, 200 for s = 1 to 3 and lOO 
for s = 3 to 4. This ensured that accuracy was not lost where the 
curvature was greatest.
Each step was computed twice; first using the direction cosine 
values ai, b%, cj occurring at the beginning of the step and 
secondly with the average values, (a% + a.2)/2 etc.
The direction cosines at the end of each step were normalised to 
eliminate the accumulation of rounding errors.
A single programme was developed which allowed cable shapes to be 
computed for all the tow-off causes investigated, giving the user 
the choice of bare or faired cables., with or without the presence 
of the fish drag force and/or fish.yaw angle. In addition the angle 
of incidence of the fairing could be held constant or allowed to 
adopt the value resulting from 'flopping' (Section 4).
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APPENDIX 4
THE ESTIMATION OF FISH YAW ANGLE AND SIDEFORCE 
DUE TO UNBALANCED CABLE TORQUE
When the spirally wound load bearing elements of a cable are imperfectly 
balanced a torque is produced at the cable end if the latter is not 
allowed to rotate. In the case of wire ropes the torque is proportional 
to the tension (Ref. (10)). This is assumed to be true for a towing 
cable in spite of the expected non-linearities due to internal friction 
and the fact that the cable weight contributes significantly to the 
tension. This simplification makes it possible to derive a valid approx­
imation for assessing the effect of cable torque on tow-off.
Assuming, in addition, that the torque applied to the fish is zero at 
launch, when the cable tension equals the fish weight, the torque 
generated during towing may be related to the additional tension created 
as the scope and speed increase. Thus if, under tow, the top tension
is T and the bottom tension W (ignoring fish drag) the torque Q may be
assumed proportional to the average tension less the initial tension,
i.e.
Q = k(T+W - W) = *2k(T-W) A(27)
2
where the constant k is a property of the cable.
Writing t = T/W (Appendix 2) gives
Q = ̂ kW(t-l) A (28)
From Ref. (6) it is seen that the variation of cable tension under 
tow is given, for a bare cable, by
t-1 = z A(29)
where z is the non-dimensional depth, = z/(W/w).
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For a faired cable t varies with both depth and speed. Using the 
data from Ref. (6) it is found that an approximation to within 15% 
is given by
t-1 = z/(w/r^) A (30)
for O < z < 1, which reflects the tension increase with speed that 
cable fairings create.
Thus Q = *5kWz for a bare cable A (31)
and Q = ^kWz/(w/r^) for a faired cable A (32)
This torque will yaw the fish to the angle 3 at which the restoring 
moment due to its vertical fins balances Q, and the sideforce Ŷ , 
due to the yaw will be proportional to Q. They are related by
/  ^  /  dcy_ïp = f  / ^  A(33)F
where dC^/dCy is the ratio of the fish yawing moment derivative 
dC^/d3 to the^sideforce derivative dC^ /d3; fp being the fish 
length. ^




and for a faired cable
Ï«/W =■ ’at , [w/r ) ' A(45)
A value of k typical of an 18 mm dia. 2-layer armour cable having 
a 15 ton breaking strength is about 3 x lo   ̂Nm per N. Such low 
value precludes the possibility of unbalanced cable torque being 
responsible for tow-off problems, even when allowances are made 
for fishes having short lengths and poor directional stability. 
This may be confirmed by applying equations (44) and (45) to 
the functions given in Fig. 7.
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APPENDIX 5
THE PHYSICAL AND HYDRODYNAMIC PROPERTIES 
OF THE TOWED SYSTEM USED FOR APPLICATIONS 
OF THE THEORY
Hydrodynamic data from Refs. (1), (6) and (7). 
See Fig. 3 for configuration.
TOWED BODY :(FISH)
Weight in water, W
Max. cross section area, Â
Length, 2^
Drag coefficient,
dC /d3 per radian 








Weight per unit length in water, w 3.60 N/m
Max. thickness, t 0.020 m
Chord length, 9 0.110 m
Section drag coefficient, C^ 0.219
dC^/da per radian ° 5.71
dC /da per radian -0.767m
Ug at unit w/r^ (see equation 24) 0.225 deg
Distance of aero.centre aft of cable centre, C^ 0.0175 m
Distance of fairing e.g. aft of cable centre, C^ 0.030 m
Weight per unit length of fairing alone, w^ 1.00 N/m
CABLE
Weight per unit length in water, ŵ  
Diameter
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FIG.11.  EXAMPLE OF TOW- OFF DUE TO ONLY 
HALF A DEGREE OF FAIRING INCIDENCE,  
SCOPE = 1 5 0 m .  S P E E D  = 4 . 5 k t .
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FIG.16.  M O M E N T S  ABOUT A CABLE OF THE WEIGHT  
A N D  L I F T  FORCES ON A F A I R I N G .
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a e r o d y n a m i c  c e n t r e
S P E C I F I C  G R A V I T Y  = 1 . 6
FIG.17. S E C T I O N  OF TYPI CAL NEOPRENE  
C L I P - O N  F A I R I N G .
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FIG.18.  SHOWING THAT A H E A V Y  FAIRING WILL  
NOT FLOP IF CABLE PROFI LE I S  T W O -  
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s p e e d  k n o t s
—  n e u t r a l l y  b u o y a n t  f a i r i n g  f o r  c o m p a r i s o n
F I G . 2 0 . V A R I A T I O N  OF TOW- OFF A N G L E  WITH  
S P E E D  A N D  S C O P E  OF F I S H  YAWED 
2 d e g .  WITH N E O P R E N E  F A I R I N G S  
H A V I N G  = 0 , 5  d e g .  a t  w/^r^ = 1 .
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s p e e d  k n o t s s p e e d  k n o t s
o  o b s e r v e d  a t  s e a
  t h e o r e t i c a l , a s s u m i n g  c o n s t a n t  oc. o f  0 . 1 8  d e g .
  t h e o r e t i c a l ,  u s i n g  t a n k  t e s t  r e s u l t  ( F i g . 2 4 - )
F I G . 21.  C O M P A R I S O N  B E T WE E N  T O W - O F F  A N G L E S  
O B S E R V E D  AT S E A  A N D  TWO THEORETICAL  
S I M U L A T I O N S .
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N o t e  c a s c a d e  e f f e c t  
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F I G . 2 2 .  THE F A I R I N G S  TESTED AT SEA -  
S H O W I N G  P O S S I B L E  S O U R C E S  OF 
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o  o b s e r v e d
□  c o r r e c t e d  t o  
e q u i v a l e n t  
2- d i m e n s i o n a l  
l i f t  p e r  u n i t  l e n g t h ,
90 80 70 60 50 40
cab le  i n c l i n a t i o n  a n g l e  in deg., 0
(B)  DERIVED L I F T  FORCE PER U N I T  LENGTH RELATED TO CABLE 
I N C L I N A T I O N  AT 3 KNOTS.
FIG. 2 4 .  THE R E S U L T S  FROM THE TOWI NG TANK  
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( A )  C A L I B R A T I O N  OF MOMENT DUE 
TO B A N K  A N G L E .
M o m e n t  a r m  o f  l i f t  f o r c e  
a b o u t  t o p  p i v o t  b e a r i n g
= h + ( L -  L5/2 ) s i n  0
A s p e c t  R a t i o  
= ( L g / c  ).  s i n ^ 0
( B)  R I G  G EO ME T RY
F I Q . 2 5 .  T O W I N G  TANK E X P E R I M E N T  -  DATA 
R E D U C T I O N .
F 8 S
[ ] D I R E C T I O N  C O S I N E S
FIG. AI
F I G. AI. C O O R D I N A T E  S Y S T E M  AND F ORCE S  
ON CABLE ELEMENT.
